An amphioxus full-length cDNA, AmphiCalbin, encoding a novel EF-hand calcium-binding protein (EFCaBP), was isolated from the gut cDNA library of amphioxus Branchiostoma belcheri. It consists of 1321 bp with a 636 bp open reading frame encoding a protein of 211 amino acids with a molecular mass of approximately 24.5 kDa. The phylogenetic analysis offers two interesting inferences. First, AmphiCalbin clusters with a group of unnamed EFCaBPs that are differentiated from other identified EFCaBPs. Second, AmphiCalbin falls at the base of the vertebrate unnamed EFCaBPs clade, probably representing their prototype. This is also corroborated by the fact that AmphiCalbin has an exon-intron organization identical to that of vertebrate unnamed EFCaBP genes. Both tissue-section in situ hybridization and whole-mount in situ hybridization prove a tissue-specific expression pattern of AmphiCalbin, with high levels of expression in the digestive system and gonads. It is proposed that AmphiCalbin might play a role in the digestive system and gonads. These observations lay the foundation for further understanding of the function of the unnamed EFCaBPs.
Calcium is a universal second messenger in all multicellular organisms, mediating a variety of cellular processes, including initiation of fertilization, differentiation of cells into specialized types, cytoskeleton dynamics, cell proliferation, cell death, and neurotransmission, by interacting with a class of calcium-binding proteins [1−3] . These proteins can be classified into different groups such as synaptotagmins and the protein kinase C family [4] , the annexin protein family [5] and EF-hand calcium-binding proteins (EFCaBPs) [6] . There are at least 45 distinct subfamilies of EFCaBPs that are characterized by one or more EF-hand calcium-binding domains that typically consist of a helix-loop-helix structure formed by a highly conserved 12 residue calcium-binding loop, flanked on both sides by α-helices [7, 8] .
An ever-growing number of novel EFCaBP homologs have been identified in a variety of animals ranging from sea anemone to mammals [9−12] . Immunohistochemistry and tissue-section in situ hybridization as well as Western blot analysis reveal that EFCaBPs display various expression patterns. For example, tPvalb is expressed in the heart, muscle, gill, kidney, brain, and ovary in adult tilapia [13] . In contrast, both Scarf and calretinin are expressed in a tissue-and cell-specific manner [9, 14] . Beyond the expression pattern, however, the function of a large number of EFCaBPs remains poorly understood.
Amphioxus or lancelet, a cephalochordate, has long been regarded as a model animal for understanding the origin of vertebrates [15] . Its genetic information on gene sequence and expression pattern has been widely used for interspecies comparative genome studies and developmental homology analysis [16, 17] . However, information regarding EFCaBP genes remains limited in this evolutionarily important animal, although a sarcoplasmic calcium-binding protein, calcium vector protein (CaVP), troponin C, and calmodulin have been documented [18−21] . In the course of expressed sequence tag generation from the gut cDNA library of adult amphioxus Branchiostoma belcheri, we isolated a cDNA clone encoding a novel EFCaBP, designated AmphiCalbin.
The purposes of this study were to examine the characteristics of the AmphiCalbin gene and to investigate its expression patterns in embryos, larvae, and adults.
Materials and Methods cDNA cloning and sequence analysis
The gut cDNA library of amphioxus B. belcheri was constructed using the SMART cDNA Library Construction Kit (Clontech, Palo Alto, USA) [22] . In total, more than 5000 clones were sequenced with ABI PRISM 377XL DNA sequencer (Applied Biosystems, Foster city, USA), and analyzed for coding probability with the DNATools program (Rehm BH, Munster, Germany) [23] . Comparison against the GenBank protein database was carried out using the BLAST network server at the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih. gov/BLAST/) [24] . Multiple protein sequences were aligned using the CLUSTAL method from MegAlign in the DNASTAR 5 software package (version 5.0; DNASTAR, Madison, USA) [25] . A phylogenetic tree was constructed with 1000 bootstrap replicates using the neighbor-joining method (PHYLIP 3.5c software package; http://evolution. genetics.washington.edu/phylip.html) [26] .
Northern blotting
Total RNAs were prepared with TRIzol (Gibco, Carlsbad, USA) from adult amphioxus ground in liquid nitrogen. An aliquot of 3 µg RNAs was electrophoresed and blotted onto nylon membranes (Osmonics, Trevose, USA). The blot was hybridized at high stringency with digoxigenin-labeled AmphiCalbin riboprobe according to the method of Wang et al. [27] . The hybridized band was visualized by BM Purple (Roche, Basel, Switzerland).
Tissue-section in situ hybridization
Sexually mature amphioxus were dissected into three or four pieces and fixed in freshly prepared 4% paraformaldehyde in 100 mM phosphate-buffered saline (pH 7.4) at 4 ºC for 8 h. After dehydration, the specimens were embedded in paraffin, and sectioned in 6 µm. The sections were mounted onto slides coated with aminopropyhriethoxy silane and poly-L-lysine, dried at 42 ºC for 36 h, and de-paraffinized in xylene for 20 min (two changes for 10 min each), followed by immersion in absolute ethanol for 10 min (two changes for 5 min each). They were then re-hydrated, and equilibrated in double-distilled water containing 0.1% diethyl pyrocarbonate. In situ hybridization histochemistry was carried out as described by Xue et al. [28] . A control experiment was carried out in parallel using the sense probes.
Whole-mount in situ hybridization
Embryos and larvae at desired stages were collected, fixed in 4% paraformaldehyde in 500 mM NaCl and 100 mM 3-(N-morpholino) propanesulfonic acid (pH 7.4) at 4 ºC overnight and stored in 70% ethanol at −20 ºC until use. Whole-mount in situ hybridization was carried out according to the method of Zhao et al. [29] . A control experiment was carried out in parallel using the sense probes.
Results

Characterization and phylogeny of AmphiCalbin
The cDNA clone (GenBank accession No. EF494668) obtained from the gut cDNA library of amphioxus B. belcheri was 1321 bp in length and consisted of three parts: a 121 bp 5' untranslated region; a 636 bp open reading frame; and a 564 bp 3' untranslated region with a polyadenylation tail at the extreme 3' end as well as a canonical polyadenylation signal (AATAAA) upstream of the poly(A) tail. The open reading frame corresponded to a deduced protein of 211 amino acids with a molecular mass of approximately 24.5 kDa (Fig. 1) . Therefore, the cDNA encodes a full-length sequence protein.
Initially, BLASTP searching at the National Center for Biotechnology Information website revealed that the deduced protein was related to a group of unnamed proteins belonging to the EFCaBP superfamily with 41%−64% identity and 62%−79% similarity to those from vertebrates and invertebrates, respectively ( Table 1) . The deduced protein also had 30%−37% identity and 51%−64% similarity, individually, to the identified members of the EFCaBP superfamily including calcineurin B, frequenin, neurocalcin delta, and hippocalcin proteins ( Table 2 ). In addition, an alignment of the deduced protein with the group of unnamed EFCaBPs showed that all the compared proteins shared two identical EF-hand domains with a 12-residue helix-loop-helix secondary http://www.abbs.info; www.blackwellpublishing.com/abbs Table 1 Amino acid sequences of unnamed EF-hand calcium-binding proteins obtained from GenBank structure (Fig. 2) . Moreover, the phylogenetic analysis showed that the deduced protein clustered together with the unnamed EFCaBPs, separating from the identified EFCaBPs [ Fig. 3(A) ]. These results indicate that the cDNA obtained from amphioxus B. belcheri codes for a novel EFCaBP, and is designated AmphiCalbin. The phylogenetic tree constructed with the unnamed EFCaBPs currently available from both vertebrates and invertebrates showed that AmphiCalbin fell at the base of the vertebrate unnamed EFCaBP clade, positioned intermediately between the invertebrate unnamed EFCaBPs and the vertebrate ones. In addition, AmphiCalbin was almost equally identical to the mammalian, amphibian, and piscine unnamed EFCaBPs (59%−63%), and no particular vertebrate unnamed EFCaBPs shared markedly higher or lower identity to AmphiCalbin [ Fig. 3(B) ]. These observations not only agree well with the notion that amphioxus is an organism bridging the gap between invertebrates and vertebrates, but also suggest that AmphiCalbin might represent the prototype of vertebrate unnamed EFCaBP homologs that has apparently undergone little divergence after the split of cephalochordate and vertebrate from a common ancestor approximately 550 million years ago.
Genomic organization of AmphiCalbin
A search of the recently completed draft assembly and automated annotation of the Branchiostoma floridae genome uncovered the presence of a Florida AmphiCalbin cDNA and its genomic DNA sequence (http://genome.jgipsf.org/cgi-bin/dispGeneModel?db=Brafl1&id=118548). Sequence comparis on showed that B. belch eri AmphiCalbin was 98% identical to the deduced protein encoded by the Florida AmphiCalbin gene, suggesting that AmphiCalbin is a highly conserved intraspecies. Analysis of the genomic structure showed that the Florida AmphiCalbin gene consisted of six exons and five introns. The six exons with sizes of 166 bp, 153 bp, 105 bp, 152 bp, 105 bp, and 588 bp were interspaced by five introns of 2561 bp, 632 bp, 432 bp, 605 bp, and 804 bp that all begin with GT and end with an AG dinucleotide (Fig. 4) , sequences thought necessary for correct RNA splicing of various other eukaryotic genes [30] . Notably, the unnamed EFCaBP genes in the vertebrates, including human, chimpanzee, monkey, cattle, dog, rat, mouse, fowl, and zebrafish, all possessed six exons and five introns Table 1 and Table  2 for sequence references.
( Table 3 ). It is clear that AmphiCalbin genomic organization is conserved throughout chordate evolution in terms of exon number. In contrast, the genomic organization of unnamed EFCaBP genes in the invertebrates was rather Table 3 Genomic sequences of unnamed EF-hand calcium-binding proteins divergent. For example, sea squirt, purple urchin, and fruit fly unnamed EFCaBP genes had five exons and four introns, whereas honey bee unnamed EFCaBP genes comprised four exons and three introns. This is in line with the general notion that the invertebrate genes are more compact than their vertebrate counterparts.
Expression profile of AmphiCalbin
Northern blot analysis was carried out to assess the size of AmphiCalbin transcript and the results are shown in Fig. 5 . An approximately 1.3 kb band of AmphiCalbin transcript was detected. Tissue-section in situ hybridization revealed that AmphiCalbin transcript was present in the digestive system, including the epipharyngeal groove, endostyle, gill, hepatic caecum, and gut, and in the gonads (ovary and testis), but it was absent in the nervous system, notochord, and muscles (Fig. 6) .
Expression of the AmphiCalbin gene was also examined dur ing embryogenesis by whole-mount in si tu hybridization. A weak AmphiCalbin transcript signal was initially detectable in the anterior part of primitive gut in the late neurula stage (24 h) larvae [ Fig. 7(C) ]; in 48 h larvae, AmphiCalbin transcript was distinct in the preoral pit, bulbous endostyle, and gill slits, and in the primitive gut at a lower level [ Fig. 7(D,E) ]. These results further support the tissue-specific expression pattern of the AmphiCalbin gene. However, the development of the digestive system generally dominates from the late neurula stage to adulthood, after the neurula stage is complete. Exactly meanwhile, AmphiCalbin shows substantial expression in the digestive system. These observations indicate that it is highly likely that AmphiCalbin is involved http://www.abbs.info; www.blackwellpublishing.com/abbs in the differentiation of the digestive system, from the late neurula stage and continuously lasting to the adult stage, and plays a role in both the gut and gonads when the animal sexually matures.
Discussion
Our study reports the characteristics and tissue-specific expression of the AmphiCalbin, a novel gene encoding the EF-hand calcium-binding protein from the amphioxus Branchiostoma belcheri. The phylogenetic analysis indicates that AmphiCalbin and unnamed EFCaBPs are grouped together, separating from other identified EFCaBPs. In addition, the AmphiCalbin presents at the base of vertebrate unnamed EFCaBPs clade and epitomizes the prototype of them. It is consistent with that AmphiCalbin gene has a typical genomic organization of vertebrate unnamed EFCaBPs genes with respect to the numbers and sizes of both exons and introns.
Our results show that AmphiCalbin primarily appears in the anterior part of primitive gut in the late neurula stage (24 h) larvae. Subsequently in 48 h larvae, it is significantly up-regulated in the pre-oral pit, bulbous endostyle, and gill slits, and in the primitive gut at a lower level. The noticeable increase of AmphiCalbin transcripts in the digestive system probably implies that the AmphiCalbin mainly involves in the differentiation of the digestive system when it commences the dominant functions. In succession, AmphiCalbin continuously elevates its concentration in the digestive system, and is extremely distinct in the gonad during the adult stage. The expression patterns denote that the AmphiCalbin might play an important role in the digestive system and gonads. It is apparent that the AmphiCalbin gene is expressed in a tissue-specific manner, being comparable with the expression patterns of Scarf and calretinin genes [9, 14] . The expression patterns of unnamed EFCaBP genes are not yet known for any animals other than amphioxus, and thus the tissue-specific expression of AmphiCalbin probably epitomizes the expression pattern of the unnamed EFCaBP homologs.
